In recent years, laser ablation in liquid has become an increasingly important technique for the fabrication of nanoparticles (NPs). To date, only pulsed lasers have been used. This paper reports our recent studies on the generation of Ti-oxide and Ni-oxide NPs by the ablation of metal targets in aqueous environments using a high-power, high-brightness continuous-wave (cw) fibre laser at a wavelength of 1070 nm. Owing to the high and uniform irradiation, the fibre laser provides an alternative approach for NP generation with well-controlled phase, size and size distribution, along with high production rate. Characterization of the NPs, in terms of morphology, size and size distribution, chemical composition and phase structure, by means of high-resolution transmission electron microscopy (HRTEM), high-angle annular dark field (HAADF) in scanning-transmission (STEM) mode, energy-dispersive x-ray spectroscopy (EDS) and x-ray diffraction (XRD), has been presented. In addition, limitations of the cw fibre laser process have been discussed in comparison with pulsed laser process.
Introduction
Synthesis of nanoparticles has received great attention due to the immense potential of these materials in a broad range of applications, including catalytic, electronic and magnetic, and biomedical engineering, due to their unique properties that differ from the corresponding bulk materials. For example, thin films of TiO 2 nanoparticles on μHP sensor arrays exhibit a mesoporous nanostructure leading to a significant improvement of conductometric sensing properties compared with TiO 2 films deposited by chemical vapour deposition [1] . In addition, compared to regular TiO 2 and other catalysts, the photocatalytic activities of nanoparticle TiO 2 , either alone or modified with other chemicals, provide significant efficiency and are environmentally benign during the degradation or reduction of various pollutants (both organic and inorganic compounds) in water and air treatment systems, indicating nanoparticle TiO 2 as a promising material for use in environmental engineering applications [2] . Synthesis methods include well-established processes such as wet chemistry, chemical vapour deposition, physical vapour deposition, pyrolysis, sol-gel and flame synthesis [3, 4] . However, the final products often contain impurities and require secondary treatment.
Production of NPs by laser ablation of solids in gas or in vacuum has been extensively reported. In recent years, laser ablation in liquid (LAL) has been recognized as an important technique for the fabrication of NPs, due to its simplicity of processing and handling. So far, only pulsed lasers, at different wavelengths with pulse width in a range of ns to fs, have been used [5] [6] [7] . Compared with laser ablation in gas, the mechanisms of LAL and NP generation have been less understood. Based on the literature, the most widely accepted mechanism of NP formation during nanosecond pulsed laser ablation in liquid (PLAL) has been proposed by a number of researchers [8, 9] . This mechanism applies to the laser-induced plasma and ablation of particulates from the target using a pulsed laser with high irradiances (10 9 -10 10 W cm −2 ). When the laser beam irradiates at the interface between the solid and the liquid through the liquid, a plasma plume is formed at the interface, and confined by the surrounding liquid during each pulse. Such confined plasma expands adiabatically at a supersonic velocity, creating a shock front that in turn induces an elevated pressure and increase of plasma temperature. Such transient pressure in front of the plasma plume impinges the ablation species of metallic ions, atoms and clusters into the confined liquid, and chemical reactions between the ablated species and the liquid occur, forming nuclei of oxides and/or hydroxides, or other compounds depending on the liquid. It is believed [10] that in the case of PLAL, a plasma plume is confined and heated only during each pulse and the shock wave plays a self-limiting role for the generation of NPs and alters the efficiency of the process. Therefore, for PLAL, a large number of laser pulses as well as long irradiation times (typically ranging from 15 to 120 min) are required to generate a few mg of NPs. Furthermore, the absorption of laser energy by the NPs for 'intra-pulse' or 'inter-pulse' induces fragmentation of colloidal particles to smaller size but with lower production efficiency [11] .
In this paper, we report our recent work on the generation of Ti-oxide and Ni-oxide NPs using a cw fibre laser ablation in liquid (CWLAL). Discussion is made on the mechanism involved in the generation of the NPs by CWLAL and NP production rates. The characteristics of NPs, in terms of morphology, size and size distribution, chemical composition and phase structure, are also presented.
Experimental details
Laser ablation of pure Ti and Ni plates in liquid was carried out using a high-power, high-brightness, single-mode 1 kW cw fibre laser (IPG YLR-1000-SM) at a wavelength of 1070 nm. The laser beam at a power of 250 W was focused on the metal targets with a spot size of approximately 40 μm, giving a power density of 2.0 × 10 7 W cm −2 . The target was irradiated continuously for 1 s, and the process was then repeated 5 times or 20 times on different locations. The liquid used was either deionized water or sodium dodecyl sulphate (SDS) solutions with variable concentrations. After laser ablation, the particles produced formed colloidal solutions. The particles were then characterized in terms of morphology, size and size distribution, chemical composition and phase structure, using TEM/HRTEM/EDS, HAADF in STEM mode and XRD. Crystallinity and phase structures of the NPs were further identified using selected area electron diffraction (SAED). Details of the preparation of the NPs for the characterization can be found elsewhere [12] . In order to understand the CWLAL mechanism, the light emission spectroscopic technique was used to observe the laser irradiation of Ti and Ni plates in air using the same operating conditions as described above for the process carried out in the liquid for the NP generation. A high-speed camera was used to observe the laser ablation process of Ti in water.
Results and discussion

NP generation mechanism
At the laser irradiance of 2 × 10 7 W cm −2 , a thin layer of the metal was vaporized to form a plume, which upon interactions with the surrounding liquid, may condense and form oxide nanoparticles similar to that observed for pulsed laser ablation in liquid. In CWLAL by a fibre laser, the generated vapour plume was well confined along the beam axis owing to the large depth of focus maintaining a high irradiance level. Such submerged vapour serves as an efficient micro-reactor that is continuously fed with vapour supply through thermal heating of the target and energy from the laser irradiation throughout the exposure time. NPs are condensed in the outer region of this reactor, dispersing them into the surrounding liquid. Therefore, the CWLAL production process is expected to be more efficient than PLAL techniques [10] .
Laser ablation of Ti in liquid
Laser ablation of the Ti target in deionized water or SDS solutions resulted in the formation of NPs, as shown in figure 1 . These particles are spherical in shape, with the average size and standard deviation summarized in table 1. First, NPs produced by ablation at 250 W with an exposure time of 1 s for 20 times significantly reduced the average size and standard deviation than those for 5 times in either water or SDS solution. This would suggest that the absorption of the laser energy by the NPs had been involved in the longer exposure time or in the succeeding multi-laser shots, leading to the fragmentation of particles. The dependence of particle size on the number of irradiating laser pulses in PLAL has been reported previously. Procházka et al [13] demonstrated that the particle size of silver colloids decreased with increasing the number of irradiating laser pulses at 1064 nm and also additional laser irradiation to the colloidal solution after ablating target decreased the particle size. A similar result was obtained by Mafuné et al [14] for gold colloids, suggesting that the particle size of colloids prepared by PLAL is significantly affected by self-absorption, and the absorbed energy of laser light can thermally excite the lattice of metal particles, leading to the fragmentation of particles. Second, irradiation of the metal surface at lower power with different scanning velocities further reduced the average size of the NPs. Higher scanning velocity of 5 mm s −1 (resulting in a dwell time of 8 ms) produced the NPs with smaller average size and smaller standard deviation than lower scanning velocity of 1 mm s −1 (giving an interaction time of 40 ms). In PLAL, particle size was reported to be strongly dependent upon many parameters. Lower laser fluence, shorter pulse width, shorter wavelength and longer ablation time duration are favourable for the production of NPs with smaller sizes [15] . Shorter quenching time of the vapour plume limits the size of particle growth. Similarly, in our case, lower laser irradiance with faster scanning velocity (i.e. shorter interaction time) resulted in smaller NPs, due to the reduced duration of vapour plume on each location that limits crystal growth. Accordingly, a high degree of size controlling is one of the important advantages of LAL over other techniques of NP generation. Figure 2 (a) displays the XRD spectra of the produced NPs in water and the 0.01 M SDS solution. The TiO 2 NPs generated in water consisted of anatase with the traces of rutile phases, but that in the 0.01 M SDS solution exhibited a mixture of anatase and rutile NPs. figure 2(b) ) indicated that the crystal structure of NPs was anatase (denoted by dotted oval) and rutile (denoted by solid oval), respectively, with the predominantly indexed planes of {1 0 1} for anatase and {1 1 0} for rutile. EDS analysis of several NPs with varied sizes in the range 10-50 nm revealed an average oxygen-to-titanium ratio of 2.4 in SDS and 2.2 in water, respectively, which are close to 2:1, indicating the formation of TiO 2 . Further analysis showed the composition of NPs produced by CWLAL was independent of their size and remained consistent. In addition to HRTEM, the HAADF technique gives further insight into the formation of NPs. Figure 3 (a) presents a typical HAADF image of NPs produced in the 0.01 M SDS solution. Ultra-fine NPs with sizes less than 5 nm were clearly observed in HAADF images, but they cannot be seen in conventional TEM bright-field images and detected by XRD due to its very small amount. As seen from a FFT of selected particle with the size about 3.5 nm (denoted by solid circle) in figure 3(b), this fine particle was well-crystallized, and the crystal structure was indexed to be cubic TiO with the predominantly indexed planes of {2 0 0} for cubic structure TiO, corresponding to the strongest reflected spots (d-spacing 2.07Å) in the FFT image. The mechanism of TiO formation is not clear, but it might imply a possible nucleation of TiO at the first stage and then be transformed to TiO 2 by further chemical reaction, although dissociation of TiO 2 cannot be ruled out. It was worth noting that in PLAL, the quenching time of the plasma plume in liquid is so short that the metastable phase forming at the intermediate stage of the conversion could be frozen in the final products [15] . As reported in [16] , laser ablation of Ti in water, using a copper vapour laser at wavelength of 510 nm and pulse width of 25 ns and laser fluence of 4 J cm −2 , resulted in the formation of NPs having the composition of nonstoichiometric oxide TiOx, where x = 1.04. In addition, the work reported by Golightly and Castleman [17] using Nd:YAG frequency-doubled (532 nm) PLAL of Ti in water, indicated varying ratios of Ti and O with the size of the NPs. They found that the NPs greater than 50 nm had a higher oxygen content while the NPs of less than 50 nm had Ti:O ratios ranging from 1.43:1 to 3:1. However, Sasaki et al [18] have synthesized TiO 2 ultra-fine NPs with the diameter of 3-5 nm using a third harmonic of a pulsed Nd:YAG laser PLAL of Ti in water and SDS solution. In our case, CWLAL demonstrated the formation of stoichiometric oxide TiO 2 , which might be associated with much prolonged quenching time and followed by continuous radiation of the laser beam, which enhanced chemical reactions between the ablated Ti species and the surrounding liquid.
Laser ablation of Ni in liquid
Observation of TEM images (figure 4) of the particles generated by the cw fibre laser ablation of the Ni in water and SDS solutions revealed that in water, spherical particles dominated, while an increase in the concentration of SDS decreased the number of spherical particles. When the SDS concentration reached 0.1 M, majority of the particles were tetragonal. This finding indicated that the addition of SDS enhanced the anisotropic growth of the particles. In addition, most populations of the NPs smaller than the average sizes were tetragonal while most of bigger particles were spherical. The size and size distribution indicated that the average size of the NPs slightly decreased with increasing concentration of SDS from 13 ± 9 nm in water to 10 ± 6 nm in the 0.1 M SDS solution. Previous work on PLAL of Ni in water using a Nd:YAG laser with wavelength of 532 nm and pulse width of 8 ns showed that the NPs were spherical with a mean diameter in the range 3-5.3 nm [19] , while in our case, CWLAL of Ni in liquid produced much larger sized particles with different morphologies.
EDS analysis, using HRTEM on individual NPs with different sizes and different shapes, detected only nickel and oxygen elements exclusive of substrate signals. The ratio of Ni and O (1:1.1) for NPs generated in the 0.1 M SDS solution, was close to 1:1, supporting the formation of NiO. Further analysis showed that the composition remained consistent and independent of the size and shape of the NPs. XRD patterns as shown in figure 5 revealed crystallinity of the NiO NPs generated in various SDS solutions, although the peak intensities of those in water were much weaker, in fact close to amorphous feature. Since the SAED patterns (insets, figure 4 ) showed clear crystal structures of NiO NPs in all conditions, including water, the weak intensities in water was considered to be the result of little amount of NPs collected for the measurements and the influence of preferential orientation of the crystals during the sample preparation for XRD. Compared with the standard XRD data in JCPDS, the diffraction rings of the SAED patterns clearly fitted both cubic and rhombohedral phases of NiO. However, since the rhombohedral phase of NiO has the diffraction planes at the same positions as cubic phase of NiO, no information could be extracted from the XRD data and SAED patterns to assign the cubic and rhombohedral phases of NiO. With the assistance of the FFT technique on HRTEM images (figure 6), both cubic and rhombohedral phases of the NiO NPs were evident, independent of the size and shape of the particles. Proportion of the two phases in each condition is yet to be established. Our observation is different from the work reported in [20] . They revealed that the NiO NPs smaller than 8 nm were fcc structure while the NiO particles larger than 8 nm exhibited core-shell contrast with moiré patterns.
The HAADF image in STEM mode for selected NPs is given in figure 7 . The line X-X shows the scanning line along which compositional analysis was performed. Since the compositions of nickel and oxygen represented in figure 7 were acquired in STEM mode at a very short counting time (5 s) for each point, significant fluctuations in concentration levels were observed along the scanning lines. However, homogenous compositional contrast as shown in figure 7 , excluded the formation of core-shell structure in our process, which is different from the formation of Ni/NiO core-shell NPs reported previously. For example, Mahfouz et al [19] reported the formation of Ni/NiO core-shell NPs by the presence of the off-centred moiré pattern in PLAL of Ni in water. In our case, the formation of NiO NPs was probably the direct result of spontaneous chemical reactions between the ejected Ni species and the surrounding liquid. Thus, we conclude that the CWLAL provided sufficient energy with sufficient time for chemical reaction to complete between Ni atoms and oxygen or H 2 O, to form homogenous NiO NPs. Finally, a number of individual particles in different sizes and shapes were observed using HRTEM to determine the lattice fringes that showed the same orientation, indicating a single crystalline nature of the particles produced by CWLAL. This finding is different from the work reported in [19] , which showed a single crystalline for the particles less than 8 nm in diameter while the large ones were either polycrystalline, containing internal structural defects or exhibiting core-shell contrast with typical moiré patterns in the case of PLAL of Ni in water.
NP production rate
In order to compare the production rates between the CWLAL and PLAL, a PLAL of a Ti target was undertaken using a Laservall SPA Q-switched, diode-pumped solid-state (DPSS) Nd:YVO 4 pulsed laser with a wavelength of 532 nm and pulse width of 7 ns operating at 30 kHz. The beam diameter was 60 μm. The laser fluence was 16.5 J cm −2 , giving a power density of 2.4 × 10 9 W cm −2 . The Ti target to be ablated was moved under the laser beam at a velocity of 1 mm s −1 with no overlaps between the tracks. The whole process was carried out for 7 min, which corresponded to approximately 1800 laser pulses at each point in the ablation track.
For the CWLAL of Ti in the 0.01 M SDS solution, the weight loss measurement showed that 0.4 mg of Ti substrate was removed by a single shot with an exposure time of 1 s at a power of 250 W. This implied a scaled production rate of 1-1.5 g h −1 , with the consumption of optical energy of 625 kJ g −1 (specific energy of approximately 174 kW h kg −1 ). For the PLAL of Ti in the 0.01 M SDS solution, the production rate of NPs was estimated to be approximately 3.4 mg h −1 with the optical energy consumption of 7350 kJ g −1 (specific energy of 2030 kW h kg −1 ). Although surface oxidation of the Ti during laser ablation in liquid may affect the accuracy of the weight loss measurements, our estimations of the NP production rate for the pulsed beam is close to what have been reported elsewhere [6] . Nichols et al [6] reported a production rate of 4.4 mg h −1 for PLAL of platinum in water using a pulsed Nd:YAG laser. In addition, Simakin et al [16] also demonstrated that the production rates of Ag and Au NPs were 0.6 and 1.2 mg h −1 respectively, at a laser fluence of 33 J cm −2 , using a copper vapour laser at a wavelength of 510 nm and a pulse duration of 20 ns. Therefore, it is believed that the weight loss measurement can be used as an approximate method to provide reasonable data for comparative study of the two laser ablation processes.
In order to understand why NP production rates by CWLAL are significantly higher than those by PLAL, crosssectional images of both processes are shown in figure 8. For CWLAL ( figure 8(a) ), a keyhole effect was clearly evident after laser ablation by a single shot of 1 s, with the melt pool dimension measured to be around 900 μm in diameter on the surface and 950 μm in depth. For PLAL ( figure 8(b) ), no keyhole effect was found and the ablated surface only presented roughening of the surface. For the CWLAL, the keyhole effect would allow higher beam absorption due to the beam trapping effect and the larger beam material interaction area. This could be one of the reasons for the increased production rate and energy efficiency. In addition, pulsed laser beam ablation results in the shock wave generation which changes the reflective index of the area closed to the interaction zone, which has a self-limiting effect on the energy efficiency. Furthermore, a cw fibre laser would have much higher electrical to optical energy conversion efficiency (20-30%) compared to a pulsed DPSS laser (2-10% for frequency-doubled beam). The availability of multi-kilowatt cw fibre lasers would enable an unprecedented production rate compared to a nanosecond or femtosecond pulsed laser which normally has much lower energy power.
Limitations
Due to the relative lower irradiance of cw fibre laser, e.g. up to 8 × 10 7 W cm −2 for a maximum power of 1 kW and 40 μm of a focal spot, it is difficult to perform ablation of some metallic targets with high thermal conductivities and high reflectivities.
Our initial work revealed that it was unlikely to generate NPs by CWLAL of Cu, Ag and Au targets using the fibre laser. However, generation of NPs of these metals can be readily achieved using PLAL.
In order to produce pure metallic NPs by LAL, some other solvents have been used. For example, ethylene glycol was used as a reductive agent to produce Ni NPs in PLAL of Ni [20] . It was also reported [16] that pulsed laser ablation of Ti in ethanol resulted in the formation of Ti metallic NPs, while at the same laser fluence, laser ablation of Ti target immersed into dichlorethane led to the formation of titanium carbide TiC NPs. When flammable liquid is used, such as those that have been used in PLAL, special care must be taken to avoid hazard that could occur in CWLAL, due to the heat induced by the prolonged interaction between the cw laser beam and the substrate. Therefore, it might be practically difficult to produce metallic NPs by CWLAL.
Conclusion
An alternative approach has been demonstrated for high-rate generation of metal-oxide nanoparticles using a high-power and high-brightness cw fibre laser ablation in liquid. It is a onestep procedure for obtaining crystallized-oxide NPs without any post-heat treatments. This technique offers flexibility in controlling the properties of nanoparticles by appropriate choice of both laser parameters and the liquid.
